(Received August 1, 1986 and in revised form September 25, 1986) Figure 1 shows adrenaline and noradrenaline concentrations in the rat heart immediately after 0.3, 1, 2 and 4 hours of swimming. A time-dependent increase in adrenaline concentration and a time-dependent decrease in noradrenaline concentration were observed during swimming. After four hours' of swimming, an approximately eight-fold increase was found in the adrenaline content of the heart. It is interesting that a significant increase in the adrenaline content of the heart was recognized after only one-hour of swimming (p<0.01).
A time-related increase in adrenaline concentration was also observed in the spleen, liver, kidney, abdominal wall muscle and thigh muscle. Plasma levels of adrenaline and noradrenaline were increased after 1, 2 and 4 hours of swimming (Table 1) . On the contrary, a marked decrease in adrenaline concentration was found in the adrenal gland after swimming.
Adrenaline contents of the hypothalamus and pons-medulla also decreased time dependently during swimming.
2) Adrenaline and noradrenaline concentrations in rat plasma and organs immediately after and three hours after four hours of swimming Recovery of swimming-induced changes in adrenaline and noradrenaline concentrations in plasma and organs of the rats is shown in Table 2 . After the cessation of the 4-hour swim, the adrenaline level of the heart returned toward normal, but three hours later, the value was still higher than that of the control group (p<0.01).
Similar results were obtained for the spleen, kidney, abdominal wall muscle and thigh muscle. Noradrenaline in the peripheral organs was almost restored within three hours after swimming, but the levels in the heart and lung were still lower than those of the control. The plasma level of adrenaline in the swimming group 3 hours after swimming was higher than that of the control (p<0.05).
No recovery of adrenaline concentration was observed in the adrenal gland or in the brain regions examined.
3) Adrenaline and noradrenaline concentrations in rat heart and brain, 0, 24 and 72 hours after four hours of swimming The adrenaline level in the pons-medulla of the swimming group was significantly higher than that of the control group 24 hours after swimming, but the difference Seven-week-old rats weighing 220 to 260 g were exposed to 3.5 hours of swimming and 24-hour urine was collected.
The results shown are means and S.E. from 5 swimming-exposed (open circles) and 7 control rats (closed circles). **: p<0.01, *: p<0.05 compared with the values of the control group on the same day. in plasma levels of adrenaline and noradrenaline, urinary excretion of the two amines was measured before and after 3.5 hours of swimming (Fig. 2) . The swimming caused a marked increase in catecholamine excretion, especially in adrenaline excretion, in the rats. A 26-fold increase in adrenaline value was observed in the urine samples obtained during the five hours immediately after swimming (Table 4) . On the second day, the adrenaline value of the swimming group was still higher than that of the control, but this was not the case on the fifth day.
DISCUSSION
It has been reported that small amounts of adrenaline are contained in various mammalian organs. 3, 5, 6, 8, 9, 12, [14] [15] [16] [17] [18] Published data on the organ contents of adrenaline, however, show a large variability (Table 5 ) . Recently, it has become possible to measure a minute amount of adrenaline in the presence of noradrenaline using high-performance liquid chromatography (HPLC) coupled with fluorometric or electrochemical detection, and adrenaline levels in the organs studied tend to lower. In the present study, adrenaline was determined by HPLC, and adrenaline content of the heart was found to be about 1-2% of noradrenaline in the rats in a basal condition, a result which is in good accordance with the values reported recently.3,18) Our data on adrenaline concentrations in the submaxillary gland, vas deferens6) and liver are much lower than previous plasma obtained from the trunk of the body after decapitation is above 45 pmol/ ml, while that obtained through indwelling catheters is about 1 pmol/ml in resting rats. In the present experiment, blood was collected under urethane-chloralose or pentobarbital anaesthesia and the plasma level of adrenaline in control rats was slightly higher than in catetherized rats.19,20) The present data, however, clearly showed that swimming for four hours caused a marked increase in the plasma level of adrenaline. The rate of the swimming-induced increase in plasma adrenaline was not as pronounced as that in urinary adrenaline.
This might be due to the higher level of plasma adrenaline observed in the control group, as described above.
Since exogenously administered adrenaline is taken up in various organs of animals,16,21-24) it was expected that adrenaline released from the adrenal medulla would accumulate in the organs during exposure to stressful situations. More than three decades ago, HOkfelt8) found that swimming produces an increase in adrenaline contents of the rat heart and liver. Our previous observations6) confirmed this finding and further indicated that swimming induces an increase in adrenaline content in other extra-adrenal peripheral organs such as the kidney, vas deferens, abdominal wall muscle, submaxillary gland and spleen. HOkfelt measured adrenaline levels in the heart and liver after 30-, 60-and 90-min periods of swimming, but the results did not show a clear relationship between the increase of adrenaline in the organs and the duration of swimming.8) The present results definitely indicated a time-dependent increase in adrenaline content of the organs during the stress of swimming.
A time-dependent decrease in the adrenal content of adrenaline and a marked increase in plasma level and urinary excretion of adrenaline were also found. These observations support the hypothesis that adrenaline is released from the adrenal medulla to the circulation under stressful conditions, and that circulating adrenaline is taken up in various peripheral organs, resulting in an increase in adrenaline concentration of the organs.
It has been reported that heart rate shows a time-related increase during strenuous physical exercise in man. Ekelund and Holmgren25) found continuously increasing heart rate and falling systemic arterial blood pressure in 60-min periods of physical exercise. Furuya and Kubota26) also described a gradual increase in heart rate during exercise on a bicycle ergometer in untrained college students. These patterns of change in heart rate are similar to those in adrenaline content of the heart observed in the present study.
Brown and Macquin27) measured pulse rate and plasma adrenaline level in healthy volunteers after adrenaline infusion. They found that pulse rate remained elevated for several hours despite a rapid fall in plasma adrenaline concentration and that this increase in pulse rate was abolished or reduced by pretreatment with desmethylimipramine, a neuronal uptake inhibitor. As shown by Anden21) and Iversen,23) some of the labelled adrenaline taken up in mammalian organs is retained for several hours after adrenaline injection. The present results indicated that adrenaline level in the organs was still considerably high compared with the control three hours after the cessation of a 4-hour period of swimming. These observations suggest that organ adrenaline, perhaps localized in noradrenergic nerve endings, plays a physiological role in circulatory responses to stressful exercise.
In many stressful situations, however, heart rate often shows a rapid increase in the early stages.28) The present results indicated no significant increase in adrenaline content of the heart after 20 minutes of swimming. The initial responses of heart rate to stressful conditions may be associated with different mechanisms from those in which adrenaline in the heart is assumed to be involved.
Circulating adrenaline does not enter the central nervous system because of the blood-brain barrier.22) In the present study, changes in central adrenaline concentrations were quite different from those in peripheral adrenaline concentrations during swimming, that is, adrenaline concentration decreased in the brain regions time-dependently, while it increased in peripheral organs. The pons-medulla showed a significant increase in adrenaline content 24 hours after swimming, but none of the peripheral organs indicated such a change. Since central adrenaline is mainly synthesized in adrenaline neurons in the pons-medulla, the increase of adrenaline in this region might be associated with enhanced activity of the adrenaline-forming enzyme PNMT after stress exposure.14) It is assumed that the physiological role of central adrenaline in adapting to stressful conditions might be different from that of peripheral adrenaline. 
